In cardiovascular diseases, sympathetic tone has been comprehensively studied, whereas parasympathetic tone has received minor attention. The vesicular ACh transporter (VAChT) knockdown homozygous (VAChT KD HOM ) mouse is a useful model for examining the cardiocirculatory sympathovagal balance. Therefore, we investigated whether cholinergic dysfunction caused by reduced VAChT expression could adversely impact hemodynamic parameter [arterial pressure (AP) and heart rate (HR)] daily oscillation, baroreflex sensitivity, hemodynamic variability, sympathovagal balance, and cardiovascular reactivity to restraint stress. Wild-type and VAChT KD HOM mice were anesthetized for telemetry transmitter implantation, and APs and HRs were recorded 10 days after surgical recovery. Changes in HR elicited by methylatropine and propranolol provided the indexes of sympathovagal tone. Cardiovascular reactivity in response to a restraint test was examined 24 h after continuous recordings of AP and HR. VAChT KD HOM mice exhibited reduced parasympathetic and elevated sympathetic tone. Daily oscillations of AP and HR as well as AP variability were similar between groups. Nevertheless, HR variability, patterns with two dissimilar variations from symbolic analysis, and baroreflex sensitivity were reduced in VAChT KD HOM mice. The change in mean AP due to restraint stress was greater in VAChT KD HOM mice, whereas the tachycardic response was not. These findings demonstrate that the cholinergic dysfunction present in the VAChT KD HOM mouse did not adversely impact basal hemodynamic parameters but promoted autonomic imbalance, an attenuation of baroreflex sensitivity, and a greater pressure response to restraint stress. These results provide a framework for understanding how autonomic imbalance impacts cardiovascular function. daily hemodynamic oscillations; heart rate variability; mice; parasympathetic nervous system; vesicular acetylcholine transporter
IN A NUMBER of cardiovascular diseases, e.g., heart failure, one of the most important changes to maintain cardiac output is sympathetic overactivity (79) . This outcome is accompanied by a reduction in parasympathetic tone (47) . Derangement of the autonomic nervous system seems to contribute to cardiac dysfunction and remodeling (17) . However, although control of sympathetic tone in cardiovascular diseases has been extensively studied, less attention has been given to the role played by parasympathetic function (47) .
Regulation of cholinergic activity in the heart has recently emerged as an important step in the preservation of long-term cardiac function (64) . Indeed, recent epidemiological evidence suggests improved outcomes for cardiovascular diseases in patients with Alzheimer's disease receiving anticholinesterase treatment (40, 46) . In addition, studies using acetylcholinesterase inhibitors in animals and patients with heart failure have demonstrated that it may be potentially useful for cardiovascular protection, resulting in beneficial effects for markers of cardiovascular risk and dysfunction (2, 4, 8, 12, 19, 26, 32, 65, 67) .
To evaluate the outcomes of a long-term decrease in cholinergic function, Prado et al. (55) developed a genetically modified [knockdown (KD)] mouse line with reduced expression of the vesicular acetylcholine transporter (VAChT). This KD mouse displays a decrease in the release of ACh of 40% and 70%, respectively, for heterozygous and homozygous (HOM) individuals (55, 56) . Due to its parasympathetic impairment, the VAChT KD HOM mouse model (31) may be quite useful for studying pathophysiological processes involving sympathovagal imbalance (22, 23, 50, 62) .
It has also been demonstrated that individuals with several disorders affecting the autonomic nervous system and cardiac function, e.g., heart failure, myocardial infarction, diabetes, and hypertension, have loss of daily variations in cardiovascular parameters (1, 7, 21, 37, 54, 74, 77) . Moreover, a decrease in heart rate (HR) variability (27) and baroreflex sensitivity (BRS) (51) as well as an exaggerated cardiovascular response to stress have been described under these pathological conditions (10, 11, 49) and associated with higher cardiovascular risk (13, 78) .
HR variability (27) is a cardiocirculatory parameter that strongly predicts cardiovascular risks and sudden death. Nevertheless, the evaluation of the autonomic imbalance using this classical linear analysis method (time and frequency domains) is not always able to show clear-cut changes in autonomic cardiovascular modulation in pathological conditions (12, 71) . Therefore, a nonlinear, more sensitive approach based on symbolic analysis (24, 53) has been successfully applied to cardiocirculatory control to assess the autonomic modulation in experimental models (70, 71) and humans (36, 44, 52, 53) , showing more consistent results.
Taking into account that the VAChT KD HOM mouse is a useful model for examining the cardiocirculatory sympathovagal balance, the aim of the present study was to reveal how changes in cholinergic activity can affect daily hemodynamic oscillations, HR variability examined by linear and nonlinear methods, BRS, and cardiovascular reactivity to restraint stress in the VAChT KD HOM mouse model.
METHODS

Animals
Experiments were carried out in male wild-type (WT) and VAChT KD HOM mice, aged 10 -15 wk, averaging 25-30 g, supplied by the Animal Facility of the School of Medicine of Ribeirão Preto. Mice were fed with a standard chow diet and freely available tap water and housed under a controlled temperature (22°C) under a 12:12-h lightdark cycle. All experimental protocols performed in the present study were approved by the Committee on Animal Research and Ethics of the School of Medicine of Ribeirão Preto, University of São Paulo (protocol no. 071/2013) and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th ed., 2011). At the end of the experimental protocols, mice were euthanized by cervical dislocation under inhalation of 5% isoflurane.
Telemetry Transmitter Implantation
Mice were anesthetized with isoflurane (5% for induction and 2-3% for maintenance) provided by an isoflurane vaporizer (Calibrated Vaporizer Takaoka, ISOVAPOR 1224, K. Takaoka Indústria e Comércio, São Paulo, Brazil). Before implantation, telemetry transmitters were carefully prepared with application of a biocompatible gel on the tip of the catheter, to prevent blood from entering the catheter lumen, and the baseline offset of each pressure transmitter was then verified for system calibration. Surgical procedures were performed under aseptic conditions and magnification by a surgical microscope (CM-A199 DFZ, DF Vasconcellos SA Optics and High Precision Mechanics, Valencia, Rio de Janeiro, Brazil). Animals were fitted with radiotelemeter transmitters (TA11PA-C10, Data Sciences, St. Paul, MN) into the left carotid, as previously described by Butz and Davisson (6) .
Experimental Protocols
After implantation of the transmitters, mice were allowed to recover for 10 days before hemodynamic recordings to exclude all surgical and anesthetic interference with daily oscillation and HR variability (28, 34) . All data acquisition was carried out using Dataquest ART System software (Data Sciences) at a sample frequency of 2 kHz.
Assessment of daily oscillation of cardiovascular parameters. At the end of the recovery period, recordings of cardiovascular parameters [arterial pressure (AP) and HR] were obtained in a scheduled way (5 min every hour) for 48 h in mice freely moving in their cages, providing daily oscillations of mean AP (MAP) and HR. For comparisons of day versus night, daily estimates were derived by averaging values obtained from the light phase (i.e., from 6:00 AM to 5:59 PM) and dark phase (i.e., from 6:00 PM to 5:59 AM). Data for the two segments obtained at the same time of day and night (first and second days of recording) were averaged for each animal.
Assessment of HR and AP variabilities, BRS, and cardiac autonomic tone. After 48 h of recording, basal AP and HR signals were collected continuously over 2 h for evaluation of AP and pulse interval (PI) variability as well as the calculation of spontaneous BRS in a similar method to that used for autonomic tone assessment by administering an autonomic blocker. After a baseline recording, mice received methylatropine (2 mg/kg ip) and, 45 min later, propranolol (5 mg/kg ip). The recording of AP and HR was maintained for at least 45 min after the administration of both autonomic blockers (double autonomic blockade) to allow recovery from the stress associated with handling and injection. After 24 h, this protocol was repeated, but the autonomic blockers were administered in reverse order, i.e., propranolol followed by methylatropine.
Assessment of cardiovascular reactivity in response to restraint stress. The cardiovascular reactivity in response to a restraint test was done 24 h after the continuous recordings. Restraint stress involved guiding the mouse into a cylindrical Plexiglas restrainer with a sliding back plate to confine the animal for 60 min without applying physical pressure to it. MAP and HR responses were analyzed before and throughout the stress period by averaging the values every 5 min.
Data Analysis
Pulsatile AP recordings were analyzed using computer software that could detect the inflection points of a periodic wave (LabChart version 7.0, AD Instruments, Sydney, NSW, Australia). A beat-bybeat time series of systolic AP was generated. A series of PIs was obtained by measuring the intervals between consecutive AP values, which were used to measure HR variability.
Cardiac autonomic tone and intrinsic HR. Tonic sympathetic and parasympathetic influences on the heart were assessed through HR changes induced by autonomic blockade. The sympathetic tone was inferred from the HR response to propranolol in mice subjected to the propranolol/methylatropine sequence, whereas parasympathetic tone was inferred as the HR response to methylatropine in mice subjected to the methylatropine/propranolol sequence. The HR reached after double autonomic receptor blockade provided the intrinsic HR, i.e., the HR remaining after the removal of adrenergic and cholinergic influences on the heart. The data collected from the sequences of methylatropine/propranolol and propranolol/methylatropine were pooled to provide intrinsic HR.
AP and PI variability. A series of systolic recordings of AP and PI from baseline were used to evaluate the variability of these parameters using customized computer software (CardioSeries version 2.4, http:// sites.google.com/site/cardioseries). For measures of the time domain, we examined the SD of successive normal values of PI (SDNN), the square root of the mean of the sum of the square of differences between adjacent PIs (RMSSD), and the percentage of normal consecutive PIs differing by Ͼ8 ms (pNN8). The overall variability of AP was also calculated using the SD of the systolic AP series. AP and PI variability were also studied in the frequency domain by spectral analysis. The time series of systolic AP and PI was resampled to 12 Hz by cubic spline interpolation and divided into contiguous segments of 512 values, which overlapped by 50%. Using a Hanning window, the spectrum of each segment of either the systolic AP or PI series was calculated with a fast Fourier transform method and integrated into two frequency bands: low frequency (LF; 0.1-1 Hz) and high frequency (HF; 1-5 Hz). The results are expressed in absolute units (ms 2 or mmHg 2 ) and normalized units. The LF-to-HF ratio of PI variability was calculated to assess sympathovagal balance.
Symbolic analysis. To distinguish sympathetic and parasympathetic cardiac modulation, symbolic analysis of three-beat sequences was performed using customized computer software (CardioSeries version 2.4, http://sites.google.com/site/cardioseries) to detect changes in the autonomic modulation of cardiovascular variability (24, 53) . PI interval sequences of ϳ60 s were selected from continuous basal recordings. The full range of sequences was uniformly spread across six levels (from 0 to 5), transforming them into a sequence of integers (i.e., symbols). Patterns (sequences of three symbols) were constructed based on the sequence of symbols, and all possible patterns were divided into the following four groups (24):
1. Patterns with no variations (0V; three symbols equal, indicating sympathetic modulation)
2. Patterns with one variation (1V; two consequent symbols were equal and the remaining symbol was different, thus indicating both sympathetic and parasympathetic modulation)
3. Patterns with two similar variations (2LV; with the three symbols forming an ascending or descending ramp, thus indicating parasympathetic modulation) 4. Patterns with two dissimilar variations (2UV; the three symbols forming a peak or a valley, thus indicating parasympathetic modulation)
The rates of occurrence of these patterns (0V, 1V, 2LV, and 2UV) were quantified. Approximately 12 series of PIs of 60 s each were used for each animal.
Spontaneous BRS. BRS was assessed using the sequence technique previously described by Bertinieri et al. (5) . In a 60-min selected period, customized computer software (CardioSeries version 2.4, http://sites.google.com/site/cardioseries) scanned a beat-by-beat time series of systolic APs and PIs, searching for sequences of at least four consecutive beats in which increases in AP were followed by PI lengthening (upsequence) and decreases were followed by PI shortening (downsequence) with a delay of 0, with no threshold in APs and PIs, and a linear correlation of Ͼ0.8. The slope of the linear regression lines between systolic AP and PI was taken as a measure of spontaneous BRS. The baroreflex effectiveness index, which provides information on baroreflex function that is complementary to spontaneous BRS, was also calculated (11a). It was defined as the ratio between the number of systolic AP ramps followed by respective reflex changes in PI and the total number of systolic AP ramps (independent of whether accompanied by the corresponding reflex PI ramps) observed over the time window studied.
Statistical Analysis
The results are shown as means Ϯ SE. Data from the hemodynamic profile, sympathetic tone, parasympathetic tone, intrinsic HR, and PI and AP variability of WT and VAChT KD HOM groups were compared using Student's t-test. Cardiovascular parameters during day and night periods and restraint stress were analyzed using two-way repeatedmeasures ANOVA with factors of group and time. Differences were considered to be significant at P Ͻ 0.05.
RESULTS
Basal Hemodynamics (MAP and HR) and Their Daily Oscillations
Basal MAP and HR over 24 h were similar for WT and VAChT KD HOM mice (Table 1 ). Both groups showed higher MAPs and HRs at night compared with the daylight period, indicating that KD of the VAChT gene did not affect basal hemodynamics and their daily oscillations. Figure 1 shows that VAChT KD HOM mice exhibited decreased parasympathetic tone and increased sympathetic tone compared with WT mice. The intrinsic HR obtained after double pharmacological blockade with methylatropine and propranolol was lower in VAChT KD HOM mice compared with WT mice. Table 2 shows the results of HR (PI) and AP (systolic AP) variability in the time and frequency domains from WT and Values are means Ϯ SE; n ϭ 8 wild-type (WT) mice and 7 vesicular ACh transporter knockdown (VAChT KD HOM ) mice. MAP, mean arterial pressure; HR, heart rate. *P Ͻ 0.01, day vs. night. VAChT KD HOM mice. The analysis of PI showed that VAChT KD HOM mice exhibited lower SDNN, RMSSD, pNN8, total power, LF (in ms 2 ), and HF (in ms 2 ) compared with WT mice. Moreover, sympathovagal balance, as assessed by the LFto-HF ratio, was decreased in VAChT KD HOM mice. The analysis of systolic AP variability did not show any difference in either strain of mice.
Cardiac Sympathovagal Balance
HR and AP Variability Analysis
Symbolic Analysis
The results of symbolic analysis are shown in Table 3 . 0V and 1V patterns, which indicate sympathetic modulation, were significantly higher in VAChT KD HOM mice than in WT mice. The parasympathetic modulation, as assessed by the 2UV pattern, was significantly lower in VAChT KD HOM mice, whereas the 2LV pattern was no different for the two groups. Figure 2 shows the spontaneous BRS gain and baroreflex effectiveness index in WT and VAChT KD HOM mice. The results showed that the VAChT KD HOM group had lower spontaneous BRS and baroreflex effectiveness index compared with the WT group.
Spontaneous BRS
The Cardiovascular Response to Restraint Stress
Restraint stress applied over 60 min elicited sustained pressor and tachycardic responses in both groups (Fig. 3) . The increase in MAP in response to restraint was much greater in VAChT KD HOM mice than in WT mice. On the other hand, the tachycardic response was similar in both strains.
DISCUSSION
The results of the present study demonstrate that the decrease in ACh release in VAChT KD HOM mice elicits an autonomic imbalance characterized by reduced cardiac parasympathetic and increased sympathetic tone combined with decreased HR variability and baroreflex dysfunction. In addition, VAChT KD HOM mice presented greater pressure responses to restraint, suggesting an enhanced sympathetic activation to this stressor stimulus. Nevertheless, VAChT KD HOM mice did not show alterations of basal hemodynamic parameters (AP and HR) and their daily oscillations.
Recently, our laboratory reported that myocardial infarction in mice leads to an autonomic imbalance characterized by a decrease in the parasympathetic tone and an increase in the sympathetic tone, which was prevented by a pharmacological increase of peripheral ACh availability with the use of pyridostigmine, an acetylcholinesterase inhibitor (12) . On the other hand, studies have also demonstrated that activation of the parasympathetic function may have beneficial implications for a number of cardiovascular diseases in animals and humans (15, 19, 32, 35, 65, 66) .
Reduced daily oscillations in AP and HR have been described in patients with heart failure (1, 7, 21, 37, 54) and Values are means Ϯ SE; n ϭ 8 WT mice and 7 VAChT KD HOM mice. 0V, three symbols equal, indicating sympathetic modulation; 1V, one variation with two symbols equal and one different, indicating both sympathetic and parasympathetic modulation; 2LV, two like variations, indicating parasympathetic modulation; 2UV, two unlike variations, indicating parasympathetic modulation. *Compared with WT mice. models of heart disease (74, 77) . Nevertheless, we observed in the present study that daily oscillations of AP and HR were preserved in VAChT KD HOM mice. Witte et al. (76) also did not detect alterations of daily oscillations in AP and HR in mice with cardiac overexpression of the ␤ 1 -adrenoceptor before the development of heart failure.
Taking into account the 24-h recordings of cardiovascular parameters, VAChT KD HOM and WT mice presented similar results. One might expect the decrease in cholinergic neurotransmission in VAChT KD HOM mice to be translated into an elevated baseline HR. Other groups have also reported no changes in baseline hemodynamics in genetically modified mice with parasympathetic dysfunction, e.g., mice lacking M 2 and M 3 muscarinic ACh receptors (16, 30) and mice lacking a cardiac, cholinergically controlled K ϩ channel. It is likely that these mouse strains developed adaptive mechanisms to maintain their basal AP and HR. This hypothesis has been supported by the study of Lara et al. (31) , which showed that VAChT KD HOM mice exhibited a significant increase in M 2 muscarinic receptor mRNA levels and a decrease in ␤ 1 -adrenergic receptor mRNA levels, which may have contributed to the maintenance of a normal HR. Another possibility is that the decrease in intrinsic HR in VAChT KD HOM mice could contribute to the maintenance of normal baseline HR.
Concerning the cardiac sympathovagal balance, a lower modulation of the parasympathetic component combined with a greater modulation of the sympathetic component was observed in the hearts of VAChT KD HOM mice. It is conceivable that the dysautonomia caused by reducing the cholinergic function in VAChT KD HOM mice favors an increased sympathetic tone precluding a ganglionic derangement of sympathetic cholinergic transmission. However, as described above, the lower values of intrinsic HR, detected after autonomic pharmacological blockade, may play a role in maintaining a normal HR. This assumption is also supported by data previously obtained by Lara et al. (31) using ex vivo beating hearts with reduced HR in VAChT KD HOM mice compared with WT mice. It has been shown that lower intrinsic HR in patients with heart failure may indicate impaired sinus node function (48) . Indeed, the findings of the present study may reveal a reduced sinoatrial node action potential in VAChT KD HOM mice. Nevertheless, further studies are required to determine the ionic and molecular basis of these possible derangements.
HR and AP variability have been extensively used as tools to access autonomic modulation of the cardiovascular system at either clinical (27, 78) or experimental (38, 65, 74, 75) levels. In humans, a reduction of HR variability is an independent risk factor in several cardiovascular and systemic diseases (27, 78) . In the present study, despite the fact that basal HR did not differ among groups, the overall HR variability was significantly reduced in VAChT KD HOM mice. In addition, the lower RMSSD and pNN8 in VAChT KD HOM mice strongly suggest an impaired cardiac parasympathetic modulation in these animals (33, 68a) . These data agree with observations that autonomic imbalance in mice with cholinergic dysfunction leads to cardiovascular alterations, which culminate in decreased cardiac function (31, 60, 63) . Of note, clinical studies have demonstrated that reduced HR variability, as determined by SDNN and RMSSD, was independently associated with cardiovascular complications, even in patients free of clinically recognized cardiovascular disease (39, 68) . Moreover, low HR variability predicts poor prognosis and high relative risk of mortality in patients with myocardial infarction or heart failure (9, 27, 45) .
With regard to spectral analysis, LF and HF oscillations of AP and HR have been thoroughly examined in conscious mice, validating the role played by the autonomic nervous system in their genesis (3, 14, 20, 28, 29, 33, 69, 72) . In fact, studies have indicated that all frequencies of HR variability in mice are dominated by parasympathetic modulation, providing a more reliable index of parasympathetic modulation, rather than sympathovagal balance (29, 33) .
In the present study, we observed a decrease in the LF and HF power of PI spectra of VAChT KD HOM mice. Using normalized units, we detected a decrease in LF and an increase in HF combined with a reduction in the LF-to-HF ratio. In patients with myocardial infarction or heart failure, a reduced, or undetectable, LF component in HR variability associated with LF-to-HF ratio reduction is related to a remarkable increase in the sympathetic drive and seems to have the worst clinical prognosis (18, 25, 41, 43) . Moreover, it has been demonstrated that reduction of absolute LF power was a strong and independent predictor of sudden death in heart failure patients (18, 24, 65) . Taken together, these findings indicate that the decrease in cholinergic neurotransmission in VAChT KD HOM mice determined a cardiac autonomic imbalance, suggesting an increase in cardiovascular risk in these animals.
It is important to highlight that the baroreflex also has a significant modulatory effect on LF oscillation of HR variability in conscious mice and humans (14, 28, 57, 61). Therefore, the decrease in the LF power of HR spectra could also indicate a dysfunction of the baroreflex in VAChT KD HOM animals. Indeed, when spontaneous BRS was examined by the sequence technique, baroreflex dysfunction was observed in these animals.
When symbolic analysis was applied to VAChT KD HOM mice, the outcomes were consistent with those from spectral analysis. According to Porta et al. (53) , nonlinear normalized indexes (0V and 2UV), derived from symbolic analysis, can assess sympathetic and parasympathetic modulation, respectively. Thus, in the present study, the 0V pattern was increased and the 2UV pattern was decreased in VAChT KD HOM mice, indicating cardiac sympathetic exacerbation and parasympathetic attenuation in these animals. Several mouse models that show autonomic dysfunction, e.g., those lacking cholinergically controlled K ϩ channel (75), cardiac-specific overexpression of the G s ␣-protein (74), increased expression of atrial ␤ 1 -adrenoceptors (38) , as well as nonobese diabetic mice (42) , all exhibit a similar pattern of HR variability (spectral and symbolic analysis) to that seen in VAChT KD HOM mice.
Interestingly, VAChT KD HOM mice showed a greater pressor response but a similar tachycardic response to restraint stress. Although there was no change in AP variability at rest, this exacerbated pressor response suggests sympathetic overactivity in VAChT KD HOM mice, because this hypertensive response to stress is mediated by a sympathetic drive to the vessels (11b) . It should be pointed out that studies have also demonstrated a weak relationship between sympathetic nerve activity and LF power of AP variability (73) . Thus, it is likely that VAChT KD HOM mice have a higher sympathetic activity in the vascular bed under resting or stress conditions. Another explanation for this greater pressor response is that the increase in AP during restraint stress should be counteracted by feedback inhibition from cardiovascular reflexes such as the baroreflex, which is impaired in these animals. Accordingly, the damage of this feedback loop leads to exaggerated pressor responses to stress in VAChT KD HOM mice. Consistent with this finding are reports from patients who lack normal baroreceptor function (80) and rats modeling this dysfunction (11b). These individuals exhibit exaggerated AP responses to stress, indicating that the baroreflex is not functional during restraint, and are unable to modulate cardiovascular responses to stress (11b) . It is notable that the amplification of sympathetic activity in response to stress has been associated with higher cardiovascular risk (13) . Therefore, these results demonstrated that VAChT KD HOM mice have an increased vascular reactivity to restraint stress, suggestive of sympathetic overactivity, which may be associated with cardiovascular risk in individuals with reduced parasympathetic function.
In conclusion, these findings demonstrate that the cholinergic dysfunction present in the VAChT KD HOM mouse did not adversely impact basal hemodynamic parameters but promoted autonomic imbalance, an attenuation of BRS, and a greater pressure response to restraint stress. These results provide a framework for understanding how autonomic imbalance impacts cardiovascular function. 
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